Pre-clinical studies using murine models are critical for understanding the pathophysiological mechanisms underlying immunemediated disorders such as Eosinophilic esophagitis (EoE). In this study, an optical coherence tomography (OCT) system capable of providing threedimensional images with axial and transverse resolutions of 5 µm and 10 µm, respectively, was utilized to obtain esophageal images from a murine model of EoE-like disease ex vivo. Structural changes in the esophagus of wild-type (Tslpr +/+ ) and mutant (Tslpr
Introduction
Eosinophilic esophagitis (EoE) is an inflammatory disease of the esophagus characterized by eosinophilic infiltration of the esophageal squamous epithelium [1] . EoE-associated symptoms include feeding difficulties, failure to thrive, epigastric and chest pain, dysphagia and food impactions. Symptoms such as food impaction and dysphagia can be caused by structural esophageal alterations or selective dysfunction of longitudinal muscle contraction during peristalsis [2, 3] . Recently, pre-clinical and clinical studies investigating the signaling pathways and identification of candidate genes involved in the pathogenesis of EoE has been an active area of research [4] [5] [6] [7] .
In the clinic, imaging techniques such as X-ray fluoroscopy, magnetic resonance imaging (MRI), endoscopic ultrasound (EUS) or high-definition white light endoscopy (hWLE) are typically used to evaluate morphological abnormalities, followed by biopsy for diagnosing upper gastrointestinal (GI) disorders [8] [9] [10] [11] [12] . Multiple optical imaging techniques such as confocal laser endomicroscopy (CLE) [13] , chromoendoscopy [14] , narrow band imaging [15] and optical coherence tomography (OCT) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] have been used in conjunction with hWLE for detecting GI diseases. Recently, an endoscopic study using hWLE and CLE has shown promise in providing more detailed diagnosis of EoE-associated histological changes in vivo [26] . In another recent study, a tethered optomechanical pill that was capable of capturing three-dimensional (3D) micromorphologic images using OCT, suitable for diagnostic applications in the upper GI tract, was demonstrated [27] . In vivo non-invasive imaging techniques such as CLE and OCT allow visualization of epithelial surface and subsurface features with micron-scale resolution. Hence, these techniques can be a useful adjunct to endoscopy to improve the diagnostic accuracy in GI diseases and to avoid unnecessary endoscopic biopsies.
Currently, clinical diagnosis of EoE is based on three criteria: clinical symptoms of esophageal dysfunction; an esophageal biopsy with a maximum eosinophil count ≥ 15 eosinophils per high-power microscopy field, with few exceptions and exclusion of other possible causes of esophageal eosinophilia [28] . However, differential diagnosis of EoE remains challenging because no single symptom, endoscopic finding or histopathologic feature is a definitive indicator of EoE [29] . In a recent study using fluoroscopy in pediatric EoE patients, the esophagus in nearly half of the patients appeared normal in fluoroscopic images [30] . Because of the broad variations in endoscopic appearance and the poor understanding of the pathophysiological mechanisms that contribute to the development of esophageal dysfunction in the context of EoE, current guidelines recommend that biopsies should be taken from multiple locations of every patient suspected of suffering from EoE [31] . In addition to being a time-consuming and expensive procedure, endoscopic biopsies are prone to sampling errors and possess minor risks, particularly in pediatric patients [32, 33] . Hence, there is an urgent need to apprehend the fundamental processes involved in EoE pathogenesis and to improve the efficacy of current EoE diagnostic procedures.
To better understand the complex mechanisms regulating the immune system and its pathological processes, it is important to generate experimental animal models that mimic human disorders. In pre-clinical studies, mouse models are used for investigating immunemediated disorders, due to their similarities with human immunological processes [34] and the accessibility of transgenic mouse strains, allowing for studies that target specific functional pathways [35, 36] . Immunological mechanisms associated with EoE pathogenesis have been linked to various immune cell types including eosinophils, mast cells and lymphocytes, and cytokines [37, 38] . A gain-of-function polymorphism in the gene that encodes the predominantly epithelial cell-derived cytokine, thymic stromal lymphopoietin (TSLP), has been associated with the development of EoE [7, 39] . In a recent study, a murine model of EoE-like disease that is associated with enhanced TSLP production was used to investigate the role of TSLP in the development of EoE [40] . When challenged repeatedly with a model food antigen, ovalbumin (OVA), mice exhibited immunological and pathophysiological changes in esophageal tissues and signs of esophageal dysfunction, similar to those observed in human EoE patients [41] [42] [43] .
Further important insights into the functional pathways involved in EoE pathogenesis can be obtained by effectively monitoring and characterizing the physiological changes in the esophagus of murine EoE-like disease models. Currently, immunohistochemistry, fluorescence microscopy and histopathology are the methods of choice for characterizing mouse models of various esophageal disorders [44] [45] [46] . These techniques can be used to visualize and quantify cell types, nature of pathology and gene expression in target tissues in vitro. However, there is a lack of non-invasive label-free experimental tools capable of detecting structural and pathophysiological changes in the esophagus of mouse models in vivo. OCT is one of the promising non-invasive in vivo optical imaging modalities capable of providing 3D micro-structural information in real-time with micron-scale resolutions and 1 -2 mm penetration depth in biological tissues [47] [48] [49] . OCT gains its structural contrast from the intrinsic scattering properties of the specimen, and does not require the specimen to be fixed or stained. In previous studies, OCT has demonstrated its capability to clearly demarcate different layers of the mouse GI tract [50] [51] [52] . In this study, micromorphological features visible in the esophagus of mice with EoE-like disease were investigated using OCT ex vivo. Thickness of different esophageal layers obtained from the OCT images of control and mutant mouse strains were compared, and effective diagnostic indicators of murine EoElike disease were determined.
Methods

OCT system
A spectral domain OCT system using a portion of the near infrared spectrum from a supercontinuum source (SC-400-4, Fianium Ltd., UK), with a center wavelength of ~1300 nm and a bandwidth of ~200 nm was utilized for obtaining esophagus images ex vivo. The OCT system was capable of providing axial and transverse resolutions of ~5 µm (in tissue) and ~10 µm, respectively. The system was designed as a Michelson interferometer, in which the light returning from the reference and sample arms was detected using a spectrometer consisting of a 1145 lpmm transmission grating (Wasatch Photonics, Logan, UT, USA) and a 1024-pixel line scan camera (SUI Goodrich, Princeton, NJ, USA). The A-scan rate of the system was 47 kHz. The sensitivity of the OCT system was determined as ~92 dB close to the zero delay position with ~12 mW incident on the sample, and the 6 dB sensitivity roll off depth was ~1.2 mm. Shot-noise limited sensitivity was not achieved owing to the high relative intensity noise from the supercontinuum light source [53] . However, the dynamic range offered by the OCT system was sufficient to quantify the thickness of various esophageal sub-layers.
Murine EoE-like disease model
In order to determine the role of the TSLP pathway in EoE pathogenesis, wild-type (WT) BALB/c mice (Tslpr +/+ mice) and mice deficient in the TSLP receptor (Tslpr −/− mice) were used in this study. 
To assess food impaction in the esophagus, mice exposed to prolonged esophageal inflammation were fasted for at least 30 min and up to 2 h. Mice were then euthanized, and their esophagi were examined for the presence of impacted food prior to OCT imaging. A licensed veterinarian provided care to any animals requiring medical attention. All experiments were performed under protocols approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC) and in accordance with the guidelines of the IACUC of the University of Pennsylvania.
Sample preparation and imaging protocol
Prior to OCT imaging, the esophagus was removed from the mouse, and a plastic tube with an outer diameter of 0.75 mm was inserted into the esophagus. This enabled the esophageal lumen surface to be clearly differentiated in the OCT cross-sections. In order to extract esophageal layer thickness accurately with minimal distortion, esophageal specimens were illuminated with the OCT imaging beam from its periphery. The esophagus was immersed in saline solution to keep the sample hydrated and to reduce the bright surface reflection. 3D OCT images were obtained from different locations along the esophagus, with each volume covering 3 x 1.5 x 1.5 mm 3 (1536 x 512 x 1024 voxels). After OCT imaging, the esophagus was fixed in 4% paraformaldehyde and paraffin-embedded. 5 μm sections of esophageal tissue were cut and subsequently stained with hematoxylin and eosin (H & E) for histopathology.
OCT image analysis
From each specimen, OCT volumetric images were obtained from anterior, middle and posterior regions [ Fig. 1(A) OCT images acquired from the middle region of a normal, healthy (Tslpr +/+ control) mouse are shown in Fig. 2 . The epithelium (EPI) appeared as a low scattering layer in the OCT image. As seen in Figs. 2(B) and 2(C), the lamina propria (LP), muscularis mucosae (MM) and sub-mucosa (SM) are indistinct in the mouse esophagus, and appeared as a bright layer in the OCT cross-section. Muscularis propria (MP), which is composed predominantly of skeletal muscle, appeared as a thick low scattering layer that is surrounded by a thin layer of adventitia [ Fig. 2(B) ]. Figure 2(D) shows the 3D OCT rendering of the middle region of a healthy mouse esophagus (Media 1). Cut-through views showing the esophageal layers in two orthogonal directions depict the optical biopsy capabilities of OCT.
Results
OCT images of normal esophagus
Esophagus of mice with EoE-like disease
To determine morphological features associated with murine EoE-like disease, OCT images obtained from the esophagus of Tslpr +/+ control (WT healthy) and Tslpr +/+ treatment mice (WT mice with EoE-like disease) were compared. As seen in Figs. 3(A) and 3(B) , the layered architecture of the esophagus in Tslpr +/+ treatment mice appeared similar to that of Tslpr +/+ control mice. The average epithelial thickness in Tslpr +/+ treatment mice (67.2 +/− 20.9 µm) was ~17% higher than that of Tslpr +/+ control (57.5 +/− 9.6 µm) mice [ Fig. 3(C) ]. However, the thickness difference did not reach statistical significance with the sample size used in this study (n = 6 in Tslpr +/+ control group and n = 9 in Tslpr +/+ treatment group, p = 0.31), due to the large standard deviation in Tslpr +/+ treatment mice group. Food impaction, a common symptom in EoE patients, is a sign of esophageal dysfunction [54, 55] . In this study, the incidence rate of food impaction in Tslpr +/+ treatment mice group was ~30% [40] . The morphological features of the esophagus near the location of food impaction in Tslpr +/+ treatment mice were visualized using OCT [ Fig. 4 and Media 2]. Food impaction was present at multiple locations along the length of the esophagus (anterior, middle and posterior regions) in Tslpr +/+ treatment mice. Figure 4 (C) shows food impaction that occurred close to the esophageal-stomach junction of a Tslpr +/+ treatment mouse. Another notable characteristic was that total thickness in the Tslpr −/− treatment mice group (144.7 +/− 12.7 µm) was significantly lower than all other groups. Thus, these results suggest that thickness of esophageal layers can vary significantly depending on the genotype and treatment conditions, and OCT is a promising label-free imaging technique that can be used to precisely characterize morphological changes in the esophagus. 
Characterization of EoE-like disease in Tslpr
Discussion
The direct involvement of the TSLP pathway in the pathogenesis of murine EoE-like disease was investigated in this study using OCT by utilizing Tslpr +/+ and Tslpr −/− mice. Because of the thin nature of mouse esophagus (<0.3 mm), the penetration depth of 1-2 mm offered by OCT was sufficient to visualize all esophageal layers. The increased epithelial thickness and food impaction observed in the Tslpr +/+ treatment group sensitized with MC903 + OVA and challenged with OVA confirmed the involvement of TSLP in the development of murine EoE-like disease [40] . In addition, absence of similar symptoms in the Tslpr −/− treatment group sensitized with MC903 + OVA and challenged with OVA showed that the TSLP pathway is very critical for EoE pathogenesis. The thickness of the muscle layer was expected to be higher in the Tslpr +/+ treatment group, potentially related to the increased incidence of food impaction in these animals. In contrast, MP layer thickness in both Tslpr +/+ and Tslpr −/− treatment groups was lower than in the Tslpr +/+ and Tslpr −/− control groups. These data indicate the effect of MC903 + OVA sensitization followed by OVA challenge on the esophageal muscle layer. Similarly, the total thickness of the esophagus was significantly lower in the Tslpr −/− treatment group, which shows the combined effect of TSLP mutation and MC903 sensitization on esophageal thickness. However, more studies are needed to determine the associated pathways and mechanisms leading to thickness variations in esophageal sub-layers. The most challenging aspects of EoE diagnosis are the similarities of its symptoms with those of other upper GI disorders such as gastroesophageal reflux disease, and the unknown pathophysiological mechanisms underlying the development of EoE [5] . Hence, identification of EoE-associated immunological pathways and effective diagnostic markers of EoE is extremely important. As a label-free scattering contrast-based optical imaging technique that can provide spatial resolutions comparable to histology, OCT is emerging as a promising tool for detecting GI disorders [20, 22, 57] . Due to the variability in EoE diagnostic criteria [58] and the patchy nature of EoE-associated inflammation [56] , the additional micro-structural 3D information obtained using a non-invasive in vivo imaging technique such as OCT can be critical in making the correct diagnosis. However, it is necessary to identify the pathological changes associated with EoE that can be visualized using OCT. In this study, the capability of OCT to characterize esophageal tissues in the context of mice with EoE-like disease and thus to assist in understanding the underlying pathophysiological mechanisms of this disease has been demonstrated. All the layers of mouse esophagus were visualized and the thickness of each layer was precisely determined using OCT. Even though thicker than mouse esophagus, thickness of EPI and LP / MM layers of human esophagus can be quantified using OCT [20, 22] . Unlike histology, the esophageal layer thickness values obtained using OCT are free from fixation and processing artifacts. As seen in the representative histology sections in Fig.  5 , the esophageal layers appeared to be constricted after histological processing of paraformaldehyde-fixed tissue.
One of the limitations of OCT in characterizing small-animal disease models is its limited structural contrast. The effectiveness of OCT can be further enhanced by using multimodal imaging approaches. The anatomical scattering contrast provided by OCT will be complemented by molecular/biochemical contrast provided by complementary imaging techniques. In pre-clinical studies using mouse cancer models, dual-modality instruments employing OCT and fluorescence microscopy were shown to be capable of extracting microstructural and molecular information from tumor regions [59, 60] . The complementary information obtained through multimodal OCT imaging can be helpful in pre-clinical research to understand underlying molecular mechanisms, to identify appropriate structural/molecular biomarkers for specific diseases and to monitor therapeutic interventions.
In this ex vivo study, it was possible to obtain OCT images by illuminating the probe beam on the esophageal specimen from its periphery. However, it is desirable to acquire in vivo images of the mouse esophagus using catheter-based or endoscopic probes. Due to the narrow lumen of the murine esophagus, extremely thin imaging probes are needed for obtaining in vivo images. OCT images of murine esophagus can be recorded in vivo using 0.9 mm external diameter catheters containing an OCT ImageWire (St. Jude Medical Inc., St. Paul, Minnesota, USA), which is widely used in cardiovascular OCT for imaging coronary arteries and deployed stents [61, 62] . Moreover, miniature endoscopes capable of providing high quality OCT images have been designed and developed using lens-free large core fibers (360 µm probe) [63] . Using these miniature probes, OCT permits in vivo and longitudinal studies in murine GI disease models, which can provide critical information related to pathogenesis, disease progression and treatment effects. Furthermore, endoscopic OCT has been successfully used in clinical GI studies for tissue differentiation [64] , tumor staging [65] and treatment monitoring [25] . Endoscopic OCT can also be used in EoE patients to further our understanding of EoE pathogenesis and disease progression.
Conclusions
OCT was capable of differentiating esophageal sub-layers and monitoring structural changes in a murine model of EoE-like disease. Mice with EoE-like disease could be differentiated from control mice based on epithelial thickening and a higher incidence of food impaction. Regardless of the genotype, the muscle layer thickness appeared to be influenced by the treatment condition. The TSLP pathway was determined to be an important factor in mediating the thickness of esophageal sub-layers in the context of murine EoE-like disease by examining the esophagus of Tslpr +/+ and Tslpr −/− mice under control and treatment conditions. The potential of OCT to act as a high-resolution label-free imaging tool to characterize murine models with EoE-like disease and thus to identify functional pathways associated with EoE pathogenesis was demonstrated.
